Abstract Plants expressing Agrobacterium sp. strain CP4 5-enolpyruvylshikimate-3-phosphate synthase (CP4 EPSPS) are known to be resistant to glyphosate, a potent herbicide that inhibits the activity of the endogenous plant EPSPS. In order to develop herbicide-resistant rice, we prepared transgenic rice plants with CP4 EPSPS gene under the control of CaMV 35S promoter for over-expression. A recombinant plasmid was transformed into rice via Agrobacterium-mediated transformation. A large number of transgenic rice plants were obtained with glyphosate and most of the transformants showed fertile. The integration and expression of CP4 EPSPS gene from regenerated plants was analyzed by Southern and northern blot analysis. The transgenic rice plants had CP4 EPSPS enzyme activity levels more than 15-fold higher than the wild-type plants. EPSPS enzyme activity of transgenic rice plants was also identified by strip-test method. Field trial of transgenic rice plants further confirmed that they can be selectively survived at 100% by spay of glyphosate (Roundup ® ) at a regular dose used for conventional rice weed control.
Introduction
Agriculture has been developing to fill up economic output and the overall human food supply. Weeds compete with crops for water, nutrients and lights and cause the reduction of total crop yield up to 9.5% (Giri and Laxmi. 2000) . Weed seeds can also reduce the quality of the crop significantly. The use of herbicides such as glyphosate to control weeds allows the grower more efficient crop management together with improved yield (Hinchee et al. 1993) . Glyphosate (N-phosphonomethylglycin) is known as a broad-spectrum systemic herbicide against both broadleaf and cereal weeds. Glyphosate inhibits the 5-enolpyruvlshikimate-3-phosphate synthase (EPSPS) involved in the synthesis of the aromatic amino acids as like tyrosine, tryptophan and phenylalanine through the shikimate pathway in algae, higher plants, bacteria, and fungi (Haslam 1983) . But the shikimate pathway is absent in mammals, therefore, EPSPS is an attractive target for the development of new antimicrobial agents effective against bacterial, parasitical, and fungal pathogens.
It was found some of microorganisms have different version of EPSPS showing resistant to glyphosate inhibition. Especially, Agrobacterium sp. strain CP4 5-enolpyruvylshikimate-3-phosphate synthase (CP4 EPSPS) was cloned as glyphosateresistant gene (Steinruecken and Amrhein. 1980; Barry et al. 1992; Padgette et al. 1995; CaJacob et al. 2004) . And this gene was used to develop glyphosate resistant transgenic plants including soybean, corn, and cotton. EPSPS-based glyphosate resistance in plants has been genetically engineered by two approaches. The first mechanism is based on the overproduction of the wild-type EPSPS. Glyphosate tolerance in this case results from inhibited EPSPS activity in the presence of glyphosate due to overproduction of EPSPS relative to glyphosate concentration in the affected plant tissue. By over-expressing a glyphosate-resistant CP4 EPSPS, many species of glyphosate-resistant transgenic plants have been developed (Barry et al. 1992; CaJacob et al. 2004) , including petunia (Shah et al. 1986 ), soybean (Padgette et al. 1995) , tobacco (Daniell et al. 1996; Ye et al. 2001) , canola (Krieb and Zeng 2002) , corn (Heck et al. (Nida et al. 1996) .
The second mechanism relies on the expression of mutant genes encoding glyphosate-tolerant EPSPS in plants. Expression of a mutant aroA gene from Salmonella typhimurium in transgenic tobacco plants has been demonstrated to confer tolerance to the herbicide glyphosate (Comai et al. 1985) . Howe et al. (2002) obtained several transgenic plants after particle bombardment of embryogenic corn callus and selection with the herbicide glyphosate. They have been mutated a maize EPSPS gene to produce a modified enzyme resistant to inhibition by glyphosate. And it was also applied to goosegrass (Baerson et al. 2002) , tobacco (Wang et al. 2003) , rapeseed (Kahrizi et al. 2007 ), Rice (Lin et al. 2008) for developing glyphosate-resistant. In this paper, we describe the overproduction of CP4 EPSPS in transgenic rice plants, which confers tolerance to the herbicide glyphosate.
Material and methods

Construction of the CaMV35S-EPSPS gene
The pSB-EPSPS was constructed by the following procedure (Fig. 1) . The 0.8-kb CaMV 35S promoter was placed at Sac I and Bam HI sites at the CP4 EPSPS cDNA. And the transit peptide (TP) was used for transport of EPSPS enzyme by chloroplast. The pSB-EPSPS was introduced into A. tumefaciens LBA4404 (pSB1) (Komari et al. 1996) by triparental matings (Ditta et al. 1980 ) and bacteria resistant to tetracycline (10 mg L -1 ) and spectinomycin (50 mg L -1 ) were selected. Each co-integrates formed between pSB1 and pSB-EPSPS was confirmed by restriction analysis of the mini-preparations of plasmids from A. tumefaciens (An et al. 1988 ).
Rice transformation
The embryogenic calli from rice seeds of the japonica variety Nagdongbyeo were co-cultivated with Agrobacterium tumefaciens (Hiei et al. 1994; Lee et al. 2001 ) carrying the pSB-EPSPS plasmid. Co-cultivation was for 2-3 days in the dark (at 25℃) on 2N6 medium (Chu et al. 1975 For Northern blot analysis, total RNA was isolated from T1 leaves by using the Trizol extraction kit (Gibco-BRL). Fifteen micrograms of total RNA was electrophoresed in a 1% (w/v) formaldehyde-containing agarose gel and blotted onto a nylon membrane (Amersham). 32 P-labeled CP4 EPSPS cDNA was used as probe.
EPSPS enzyme assay EPSPS activity was determined by measuring inorganic phosphate release using the malachite green dye assay described by Nafziger et al. (1984) with minor modification. Leaves of wild-type and transgenic rice plants were ground using a motor and pestle. One gram of cell powder was suspended in 2 ml of 50 mM HEPES-NaOH (pH 7.0), 10% glycerol (v/v), 0.1 mM DTT, 0.1 mM (NH 4 ) 6 Mo 7 O 24 . 4H 2 O with 1% polyvinylpolypyrolidone (w/v). The reaction mixture contained, in final volume of 0.1 ml, 100 mM P-labeled EPSPS gene. Lane 1, DNA from wild-type plant; 2, EPSPS-1; 3, EPSPS-2; 4, EPSPS-3; 5, EPSPS-4; 6, EPSPS-5; 7, EPSPS-6; 8, EPSPS-7; 9, EPSPS-8; 10, EPSPS-9, transgenic plants transformed with pSB-EPSPS Hepes-NaOH (pH 7.4), 1 mM shikimate-3-phosphate (S3P), 1 mM phosphor-enol-pyruvte (PEP) and a limiting amount of enzyme; 0.5 mM ammonium heptamolybate was added to inhibit phosphatases. After an appropriate incubation period (up to 20 min), the reaction was stopped by the addition of 1 ml of colorimetric solution (9.2 mM malachite green and 8.5 mM (NH 4 ) 6 MoO 24· 4H 2 O in 1 M HCl, with 2 g l -1 of the zwitterionic detergent CHAPS added in order to stabilize color development) followed, after exactly 1 min, by 0.1 ml of 34% (w/v) sodium citrate solution.
After 15 min at room temperature, samples were read at 660 nm against blanks in which S3P had been omitted.
Herbicide application
Resistance to herbicide was examined on the T1 plants. The T1 seeds from selfed T0 plants were planted in pots and cultured in the field. After 3 weeks, rice leaves from untransformed and transformed plants were sprayed with 1.6% (v/v) Roundup (Monsanto, USA) in field. Changes in the morphology and pigmentation of leaves were monitored for 4 weeks.
Results and Discussion
Production of fertile transgenic rice plants
Glyphosate, the active ingredient in Roundup, has favorable environmental features, such as rapid soil binding and biodegradation, and extremely low mammalian toxicity (Franz 1985) . To generate transgenic rice plants showing glyphosate tolerance for weed control in the field, a CP4 EPSPS gene under the regulation of the CaMV 35S promoter to achieve over-expression were introduced to rice embryogenic microcalli by Agrobacterium-mediated transformation. The CP4 EPSPS gene contains a DNA segment encoding a maize chloroplast transition peptide, which would direct the CP4 EPSPS to the organelle where the shikimate pathway is located (Fig. 1) . Embryogenic calli were co-cultivated in callus induction medium containing 6 mg L -l glyphosate for 3 weeks. Frequency of antibiotic resistant microcalli formation from co-cultivated calli is shown in Table 1 . These glyphosate-resistant calli were transferred to regeneration medium and 70 green plants were regenerated from glyphosate-resistant calli and transplanted to soil in the greenhouse (Table 1) . Adapted T0 plantlets in the greenhouse were transplanted and cultured in the field and we investigated the morphology and fertility of transformants. Transformants harboring CP4 EPSPS gene showed no fertility defects. During adaptation period in a greenhouse, genomic DNA from leaf of regenerated plantlets was extracted and southern blot analysis was performed with full length of CP4 EPSPS gene as probe to examine whether T-DNA was inserted into the rice genome. Before southern blot analysis, genomic DNA was digested with Bam HI/Sac I released a 1.2 kb fragment corresponding to the complete EPSPS expression cassette. As shown in figure 2, all of transformants contained CP4 EPSPS gene and this result demonstrates that the stable integration of the CP4 EPSPS in the genome of rice plants (Fig. 2) . Next to examine the P]dCTP-labeled EPSPS as a probe. Equal loading was evident in the stained rRNA in a parallelrunning gel. Lane 1, RNA from wild-type plant; 2, EPSPS-1; 3, EPSPS-2; 4, EPSPS-3; 5, EPSPS-4; 6, EPSPS-5; 7, EPSPS-6; 8, EPSPS-7, transgenic plants transformed with pSB- EPSPS   Fig. 4 Qualitative strip tests for the detection of EPSPS. Lane 1, wild-type plant; 2, EPSPS-1; 3, EPSPS-2; 4, EPSPS-3; 5, EPSPS-4; 6, EPSPS-5, transgenic rice plants. Two lines indicate a positive Roundup, wheres one line indicates a negative Roundup expression of CP4 EPSPS gene in transformants, total RNA from leaves of primary transformants plants was isolated and Northern blot analysis was performed with a 654 bp fragment of the CP4 EPSPS gene as probe. As shown figure 3, the endogenous rice EPSPS transcripts were not detect, and no signal band was observed in wild-type plant, whereas, 1.2-kb CP4 EPSPS transcript was found in all the transgenic plants. These results indicated that CP4 EPSPS gene was integrated into rice chromosome.
Inheritance of glyphosate resistance
To examine the inheritance of the introduced foreign genes, we tested T1 seed on glyphosate resistance (6 μg/ml in MSG medium) using about 50 seeds for each independent plantlet. The number of glyphosate resistance was examined after 2 weeks and summarized in shown in Table 2 . As shown in Table 2 , 75% of T1 seeds of independent plantlets showed resistance and 25% of seeds showed sensitive against glyphosate apply. These results implied that the CP4 EPSPS gene is inserted into genome as a single copy. However, some of transformant showed 5 to 1 ratio and this transgenic plant might contain the CP4 EPSPS gene as multi copy.
Glyphosate resistance of seeds should be related to CP4 EPSPS protein expression in transformants. To examine this possibility, we extracted total protein from leaves of transformants and observed the existence of CP4 EPSPS protein with AgroStrip GMO RR test kit (KisanBio Co.). Membrane strip of RR test kit was completely wet in reaction mixture of wild-type and transgenic rice plants. As shown in Figure 4 , a second line below the control line was developed in the transgenic rice, but it was absent in wild-type plant (Fig. 4) . This result means CP4 EPSPS protein is expressed in EPSPS overexpression transgenic rice plants. Next, we measured the CP4 EPSPS activity with crude extracts of the transgenic plants using a phosphate (Pi) release assay as described in Materials and Methods. The CP4 EPSPS enzyme activity of wild-type showed 8.12 nmol of Pi released per minute per milligram of protein, but the activity of transgenic line was at least 15-fold higher than that in the wild-type plant (EPSPS line 1 to 5; 164.8, 245.8, 150.0, 142.4, and 144.6, respectively, The present study confirms that CP4 EPSPS gene encoding a 5-enolpyruvylshikimate-3-phosphate synthase coupled to an over-expression promoter was expressed in rice seeds. Furthermore, the increase of mRNA apparently causes the much higher levels of CP4 EPSPS enzyme activity found in the glyphosate-resistant transgenic rice plants. We suggest that glyphosate tolerance is an extremely useful research tool for rice biotechnology. Genetic engineering can contribute to alternative weed control by the development of herbicide resistance and the improved biosynthesis of microbial toxins. Herbicide resistance is expected to allow greater use of nonleachable and/or rapidly degraded herbicides that are currently selective for a given crop. The science of herbicide tolerance research has made a tremendous impact on several areas of plant enzymology, gene expression, and physiology.
